Introduction
Palladium-catalyzed Sonogashira,S uzuki, and Heck reactions are powerful tools for the formation of carbon-carbon bonds in moderno rganic synthesis and can boost greater diversity in natural products,b iological molecules, and functional materials. [1] In general, homogeneous Pd catalysts are used with various phosphine ligands, which results in severall imitations, such as al ack of catalystr euse and residual heavy metals in the final products.
[2] However,t he application of heterogeneous Pd catalysts could avoid such limitations.
[3] Ap opulars trategy is to immobilize Pd species onto as uitable solid support, such as activated carbon, [4] metal oxide, [5] silica, [6] zeolite, [7] or organic polymers.
[8] These catalystsc ould be applied to promote some coupling reactions, but their preparation andr eactivation are laborious and difficult. In particular, the loss of Pd speciesf rom the solid supports is as eriousi ssue. Thus, it is essentialt od evelop well-defined heterogeneous Pd catalysts that feature high catalytic performance and facile preparation and regeneration.
Recently,l ayered double hydroxides (LDHs), ac lass of 2D anionic clays composed of positively charged brucite-like layers with an interlayer region that consistso fc harge-compensating anionsa nd solvent molecules, [9] were shown to be a promising support for heterogeneouscatalysts, largely because of their high dispersion, preferentialo rientation,a bundant basic sites as potential donors, and high catalytic performance. [10] To date, am ajority of LDH-based heterogeneous Pd catalysts have been prepared through two strategies:1 )insertiono fP ds peciesi nto the interlayer region of the LDH to give aP d/MgAl-LDH catalyst( Figure 1a ) [11] or 2) by implanting Pd species into the layers of the LDH through bonding to create aP dMgAl-LDH catalyst (Figure 1b) . [12] Choudary et al. [11a] reported that the Pd/MgAl-LDHc atalyst can catalyze the Heck reaction of aryl chlorides under high temperature or microwave radiation in the presence of an organic base. Ruiz et al. [11b] demonstrated that the Pd/MgAl-LDH catalyst exhibits high catalytic performance in the Suzuki reaction. Moreover, Cormae tal.
[11c] developed af amilyo fP dCu/MgAl(O) catalysts An ew type of heterogeneous palladium catalyst, PdMgAl-LDH, was facilely prepared by the immobilization of Pd 2 + speciesi n the layers of aM g-Al layered double hydroxide (LDH) with coprecipitation, and then fully characterizedb yu sing powder XRD, thermogravimetric differential thermala nalysis, TEM, energy-dispersive X-ray spectroscopy,a nd X-ray photoelectron spectroscopy techniques. These catalysts can efficiently catalyze copper-free Sonogashira, Suzukia nd Heck coupling reactions of various aryl iodides, bromides, and chlorides in aqueous mediau nder phosphine-ligand-a nd organic-base-freec onditions. These catalysts feature easy recovery through simple filtration and could be reused at least six times without a marked loss in activity.N otably,t hey can be facilelyr eactivated by ac ombination of nitrolysisw ith co-precipitation. The basic LDH skeletons coulde ffectively stabilize the Pd 0 species created in situ and donate electron density to the Pd 0 centert of acilitatet he oxidative addition of aryl halides, thus the PdMgAl-LDH catalysts are stable during catalysis. that were prepared through wetness impregnation of calcined MgAl-LDHw ith Cu 2 + and Pd 2 + nitrates, and found that these catalysts have good activity in the Sonogashira reaction. However,t hese catalystsa re still difficultt op repare and inefficient to reactivate.
Currently,f ew PdMgAl-LDH catalysts ( Figure 1b ) have been developed and appliedi nc oupling reactions.
[12] Sivasanker et al. [12a] reported that the PdMgAl-LDH catalyst, obtained by a co-precipitation method, was only used for the Heck reaction in the presence of an organic base and at high temperature. Ruiz et al. [12b, c] synthesized the PdMgAl-LDH catalyst in the same way and used it to catalyzet he Suzukir eaction, which gave less than 10 %c onversion.L iu et al. [12d] reported that a Pd 2 + -doped colloidal LDH catalyst, obtained by delamination of glycinate-intercalated PdMgAl-LDH, showedh igh efficiency in the Heck reaction, but was difficult to recycle.
Our strategy is to implantP ds pecies in the layers of an LDH to create PdMgAl-LDH catalysts because theyc an efficiently avoid the loss of Pd during the catalytic process. Herein,w e present as eries of PdMgAl-LDH catalysts that can efficiently catalyzet he Sonogashira,S uzuki, and Heck reactions of aryl halidesing reener mediau nder P-ligand-and organic-base-free conditions. Moreover,t hey can be easily prepared by co-precipitation and reactivated by ac ombination of nitrolysis and co-precipitation.
Results and Discussion

Preparation and Characterization of Catalysts
PdMgAl-LDH and MgAl-LDH( Pd-free) catalysts were facilely prepared by co-precipitation with ad ouble-dropt echnique. [13] Given the stability of the brucitel ayers,t wo PdMgAl-LDHc atalysts, PdMgAl-LDH-1( 0.50 %P dw /w) and PdMgAl-LDH-2 (2.58 %P dw /w), were synthesized and characterizedb yu sing powderX RD, thermogravimetric differentialt hermala nalysis (TG-DTA), TEM, energy-dispersive X-ray spectroscopy (EDX), FTIR, and X-ray photoelectrons pectroscopy (XPS) techniques. Additionally,t wo Pd/MgAl-LDH catalysts, Pd/MgAl-LDH-1 (0.56 %P dw /w) andPd/MgAl-LDH-2 (2.64 %P dw /w) were prepared by exchanging proportionalP dCl 4 2À ions into the interlayer region of the MgAl-LDH. [14] From powder XRD patterns of the PdMgAl-LDH catalysts, both PdMgAl-LDH-1( Figure 2a ) and PdMgAl-LDH-2 (Figure2b) exhibit typical diffraction peaks similart oM gAl-LDH (Figure 2c) , [15] although the ionic radius of Pd 2 + is different from that of Mg 2 + .B ecause LDH has ah exagonal structure, lattice parameters a and c indicate the average distance between metal ions within the layers and the separation of the neighboring layer centers, respectively, [16a] andc an be calculated from the (110) and (003)r eflectionso ft he XRD spectra (Figure 2 ) based on a = 2 d 110 and c = 3 d 003 .P arameters a and c of the PdMgAl-LDH catalysts are slightly larger than those of MgAl-LDHa nd increase as the amount of Pd is increased (Table S1 ,s ee the Supporting Information). The increasei np arameter a results from larger Pd 2 + ions (0.086 nm) in the octahedral coordination site [16b] comparedw ithM g 2 + .T he increase in parameter c may be ascribed to the distortion of the structure caused by the larger Pd 2 + ions, which affects the layer thickness.
[16c] These resultsc onfirmed that Pd 2 + ions were successfully implanted in the layers of MgAl-LDH. The XRD patterns and a and c parameters of the Pd/MgAl-LDHc atalysts ( Figure S1 , Ta ble S2) are consistent with resultsr eported previously, [14] which indicated that PdCl 4 2À was successfully exchanged into the interlayer region of the MgAl-LDH.
The TG-DTAr esults of PdMgAl-LDH-1,P dMgAl-LDH-2,a nd MgAl-LDHa re shown in Figure3.A ll compounds showed obvious weight loss in two consecutive endothermic stages.
[17] The destructive temperatures of PdMgAl-LDH-1( Figure 3a ) and PdMgAl-LDH-2 (Figure 3b ) at the second weight-loss process are distinctly ahead of MgAl-LDH ( Figure 2c ), presumably due to the structural distortion caused by the larger Pd 2 + ions. This is in agreement with the results from the powder XRD analysis.
TEM images of PdMgAl-LDH catalysts andM gAl-LDHa re shown in Figure 4 . The expected hexagonal-plate-like nature of the crystallites is obviously apparent in each sample, and the diameters ranged from 60 to 80 nm. The TEM images of PdMgAl-LDH-1 ( Figure 4a ) and PdMgAl-LDH-2 (Figure 4b ) are ( Figure 4c ), which indicates that the morphologyi sw ell retained after as mall amounto fM gi s replaced by Pd species in the MgAl-LDHl ayers. This was also confirmedb yt he EDX spectrum ( Figure S2 ). The FTIR spectra of PdMgAl-LDH-1a nd PdMgAl-LDH-2a re similart ot hat of MgAl-LDHi nt he 400 to 4000 cm À1 region ( Figure 5 ), and show typical bands forh ydrotalcite with intercalated carbonate counterions. [12b, 18] To assess the Pd oxidation state in the PdMgAl-LDH catalysts, XPS analyses were carriedo ut for PdMgAl-LDH-1 and PdMgAl-LDH-1 1 (after one run). The binding energies of Pd 3d 5/2 and 3d 3/2 for PdMgAl-LDH-1w ere 337.5 and 342.8 eV, respectively ( Figure S3 a) , which indicated that the implanted Pd is in the II state. [19] Note that the XPS signal of Pd 3d 3/2 is weak due to the low loading of palladium.M oreover,t he binding energy of Pd 3d 5/2 in PdMgAl-LDH-1 (337.5 eV) is different from that in Pd/MgAl-LDH (337.1 eV [11a] )a nd Pd(OH) 2 (336.8 eV; Figure S4 ). [19] In brief, two PdMgAl-LDH catalysts, with Pd loadingso f0 .50 and 2.58 %, respectively,w ere prepared and fully characterized.
Pd
2 + ions were successfully immobilized in the brucite layers and show morphology similar to that of MgAl-LDH.
Catalyst Evaluation
To examine their catalytic activity,t he prepared PdMgAl-LDH catalysts were applied to Sonogashira,S uzuki, and Heck coupling reactions. In view of its environmental safety and compatibility with the PdMgAl-LDH catalysts, we tried water as the reactionsolvent.
Application in the Sonogashira Reaction
The Sonogashira reaction is ap owerful method to create a carbon-carbon bond between at erminal alkyne and an aryl or vinyl halide by using ap alladium catalysta nd ac opperc o-catalyst;h owever,t he latter could result in ah omocoupling product upon oxidation. To avoid this byproduct, ac opper-free Sonogashirar eactionh as been developed.
[20] Therefore, the PdMgAl-LDH catalysts were first appliedi nacopper-free Sonogashira reaction.
To optimize the coupling conditions, we used bromobenzene and phenylacetylene as models ubstrates (Table 1) . First, a coupling reaction was conducted in water at 80 8Cf or 24 h with PdMgAl-LDH-1 (0.20 mol %P d) as the catalysta nd K 2 CO 3 (200 mol %) as the base, which gave a4 7% yield of diphenylacetylene (Table 1 , entry 1). However,w ith sodium ascorbate (NaVc) as the reducing agent,t he reactiong ave diphenylacetylene in 89 %y ield (Table 1 , entry 2) under identical conditions. This may be ascribed to the fact that Pd 2 + in PdMgAl-LDH-1 was reduced to Pd 0 in situ by NaVc, whicha ccelerated the oxidative addition of Pd 0 to the CÀBr bond. [21] This reduction was also confirmed by using XPS analysis ( Figure S3 b) . The binding Table 1 . Optimization of Sonogashira reactionsc atalyzedb yu sing PdMgAl-LDH-1.
[a]
Entry
Base Additive [b] Pd energies of Pd were 335.4 (3d 5/2 )a nd 340.7 eV (3d 3/2 ), and were assigned to the Pd 0 species. [19] We found that the use of some tetraalkylammonium salts as an additive could facilitatet he coupling reaction (Table 1 , entries 3-6);c etyltrimethylammonium bromide (CTAB) was the best additive for the coupling reaction (Table1,e ntry 3). We presumet hat CTAB may act as both ap hase-transfer catalyst and an interlayer regulator of the PdMgAl-LDH because the powderX RD analysis( Figure S5 ) indicated that CTAB was partly incorporatedi nto the interlayer region of PdMgAl-LDH, which extended the interlayer separation from 0.765 to 2.386 nm (Table S1 , entry 5) and allowed the substrates to enter the interlayer regionm ore easily.
Furthermore,t he bases, catalyst loadings, and reaction temperaturew ere also screened. Of the bases tested ( Table 1 , entries 2a nd 10-13), K 2 CO 3 was found to be the most efficient base and resulted in a9 3% yield. If the loading of the catalyst was changedt o0 .30 mol %, the yield did not increase significantly (Table 1 , entry 7), whereas ad ecrease in the catalyst loading to 0.10 mol %g ave only a7 2% yield ( Table 1 , entry 8). When the temperature was decreased from 80 to 60 8C, the yield of product reduced from 93 to 65 %( Ta ble1,e ntry 9), so the reaction temperature was maintained at 80 8C.
To expand the scope of the reaction, we investigated the copper-free Sonogashira coupling of variousa ryl halidesa nd terminal alkynes under the optimized conditions;t he results are shown in Table 2 . In most cases the desired products were obtainedi nexcellent yields with both aryl iodidesand aryl bromides and the reactions proceeded rapidly( 1-15 h). In particular,a ryl bromides with an electron-richo r-deficient group could proceed smoothly to give the desired products in 92 to 95 %y ields (Table 2, entries 9-12). In view of the steric hindrance,t he products were obtainedi nm oderate yields with 2-bromotoluene (82 %, Ta ble 2, entry 13) and 2-bromo-p-xylene (80 %, Ta ble 2, entry 14) as the starting materials. Moreover,t he coupling of 4-bromopyridine and 5-bromopyrimidine also gave the products in 91 and9 2% yields (Table 2 , entries 15 and 16).
The copper-free Sonogashira reactions of some aryl chlorides were also studied (Table 3) . We found that the reactiono f chlorobenzene and phenylacetylene proceeded sluggishly and gave al ower yield under the same conditions (Table 3 , entry 1). Remarkably,t he yield was greatlyi mproved when the loading of Pd wasi ncreased (1.00 mol %) with PdMgAl-LDH-2 in place of PdMgAl-LDH-1 (Table3,e ntry 2). However,a ddition of ac atalytic amount of Na 2 H 2 EDTAa sac helatingl igand notably shortened the reactiont ime (Table 3 , entry 5) compared with other ligands, such as l-proline (Table 3 , entry 3) and glycine (Table 3 , entry 4). This may be ascribed to the fact that the ligand binds to the Pd 0 speciesa nd facilitates oxidative addition to the CÀCl bond.
[21] Different aryl halides were used to assess the scope of the copper-free Sonogashira reaction and all gave moderate yields (Table 3 , entries 5-10).
For comparison, catalysts PdMgAl-LDH-1,2 and Pd/MgAl-LDH-1,2 were used to catalyzet he same model reaction (Table 4) . We found that the activity of PdMgAl-LDH-1 was slightly lower than that of Pd/MgAl-LDH-1, which can be ascribed to the different locationso ft he Pd species in these catalysts.S imilarly,p arallel results were obtainedf or the reaction of chlorobenzene with phenyl acetylene catalyzed by PdMgAl-LDH-2 (Table 3 , entry 5) and Pd/MgAl-LDH-2 (Table 3 , entry 11), respectively.P di nt he PdMgAl-LDH catalystsi si mplanted in the layers of the LDH, whereas Pd in the Pd/MgAl-LDH catalysts is found in the interlayer region of the LDH. This difference meanst hat it is more difficult for aryl halide molecules to reach the Pd 0 species in PdMgAl-LDH than in Pd/MgAl-LDH. To verify that the catalytic activityoriginated from Pd species implanted in the LDH layersr ather than Pd species leached into solution, the Sonogashira reaction of bromobenzene and phenylacetylene in the presence of PdMgAl-LDH-1 was conducted.T wo parallel reactions were stirred at 80 8Cf or 4h, then the catalyst was removed from the solution by simple filtration. In one reaction the conversion was found to be 48 %, whereas the otherr eaction was continued with the filtrate for af urther 8h;t he conversion was found to be almost unchanged. ICP-MSa nalysis of the filtrate indicated that only These resultss trongly confirmed that coupling reactions catalyzed by PdMgAl-LDH proceed heterogeneously. Next, the degree of leachingo fP df rom two different catalysts, PdMgAl-LDH-1 and Pd/MgAl-LDH-1,w as tested after the fifth Sonogashira reactionc ycle of bromobenzene with phenyl acetylene. In all cases, the catalyst was exhaustivelyr emoved by filtration and the amount of Pd species leachedi nto solution was determined by using ICP-MS. As shown in Table 5 , PdMgAl-LDH-1i savery stable catalystt hat leachedo nly 0.02 %P da fter five cycles.
With av iable protocol in hand, we propose ap lausible mechanism for the copper-free Sonogashira reaction mediated by PdMgAl-LDH (Figure 6 ), which proceeds similarly to that in homogeneous catalysis and involves at ypical Pd 0 /Pd II cycle.
[22]
The cycle is initiated by the creation of Pd 0 species I, followed by oxidativea ddition with aryl halide to II, in which the basic layers of the LDH increaset he electron density around the Pd center to accelerate oxidative addition. [11a, 23] Then, coordination with the terminal alkyne leads to III with as ubsequentd eprotonation to give IV,w hich undergoes reductive elimination to yield the final product and restart the catalytic cycle.
Application in the Suzuki Reaction
To extend the application scope,t he PdMgAl-LDH catalysts were then appliedi nt he Suzuki coupling reaction. Most conditions optimized for the copper-free Sonogashira reaction were used directly and the resultsa re shown in Ta ble 6. Similar to the Sonogashira reaction, if 0.20 mol %P dl oading of PdMgAl-LDH-1 was used, aryl iodides and aryl bromides with either electron-rich (Table 6 , entries 7, 8) or electron-deficient groups (Table 6 , entries 5-6 and 9-10) gave the coupling products in yields of 91 to 96 %o ver 2t o1 5h.A se xpected, with 1.00 mol %P di nP dMgAl-LDH-2a nd with Na 2 H 2 EDTAa st he ligand,t he desired products were obtained from aryl chlorides -13) . This is markedly differentf rom the result reported previously, [12b] in which the reactiono fb romobenzene and phenylboronic acid catalyzed by PdMgAl-LDH obtained through co-precipitation by using a single-drop methodo nly gave a1 0% yield. However,t he yield of the same reaction catalyzed by our catalyst was 90 % (Table 6 , entry 2). This can be attributed to the factt hat our catalystw as prepared through co-precipitation by using a double-drop technique,w hich gives higher catalytic activity. Additionally,s odium ascorbate and CTAB playav ital role in the present protocol.
Application in the Heck Reaction
To extend the application scope, we also assessed the Heck olefination of variousa ryl halides mediated by PdMgAl-LDH catalysts in the presence of K 2 CO 3 in H 2 O/DMF (2:1 v/v; Ta ble 7). Satisfyingly,a ll aryl halidesw ith iodide, bromide, and chloridew ere convertedi nto the corresponding productsi n yields of 62 to 94 %. These results are better than those reported previously, [12a] and some reactions were conducted under relativelym ild conditions. In summary,h eterogeneousP dMgAl-LDH catalysts were successfully applied for copper-free Sonogashira, Suzuki, and Heck reactions of variousa ryl halidesw ith good-to-excellenty ields in most cases. The chemical structures of all target products were identified by using IR, 1 H, 13 CNMR spectroscopiesa nd HRMS (see the Supporting Information).
Catalyst Reusability
Reusability is an important feature for heterogeneousc atalysts. To assess the reusability of PdMgAl-LDH, repeated model Sonogashira, Suzuki, and Heck reactions were carriedo ut. In all cases,t he catalyst could be recovered easily from the terminated reaction mixture by filtration or centrifugation. The recovered catalyst was washed with hot EtOH before it was used for the next cycleu nder the same conditions. As shown in Figure7,t he catalyst can be recycled six times withouta marked loss in catalytic activity.A dditionally,t he morphology of PdMgAl-LDH-1u sed in the Sonogashira reaction was monitored by using TEM analysis. The results revealed that there [a] Reagents and conditions: aryl halide (1.00 mmol), arylboronic acid (1.10 mmol), K 2 CO 3 (2.00mmol), NaVc (0.01 mmol), CTAB (0.10 mmol), and H 2 O( 3mL). [b] Isolated yield.
[c] PdMgAl-LDH-2 (1.00 mol %P d), NaVc (0.05 mmol), and Na 2 H 2 EDTA( 0.10 mmol). was no obvious aggregation of Pd species in the catalyst after the fifth cycle;h owever,t he Pd speciese ssentially clustert ogether after the tenth cycle ( Figure S6 ), which is the key reason forcatalystdeactivation.
Catalyst Reactivation
For practical applicationso fapromisingh eterogeneous catalyst, easy reactivation is very significant because deactivation is inevitable. In fact, it is very difficult to reactivate the original morphology and catalytic activity of most heterogeneous Pd catalysts. However,w eh ave successfully developed at echnique that can efficiently reactivate the deactivatedP dMgAl-LDH catalyst, in which deactivated PdMgAl-LDH-1 (after ten cycles) was washed thoroughly with hot EtOH to remove organic contaminants, then the amount of Pd was determined by using ICP-MS, followed by ac o-precipitationp rocess to produce the PdMgAl-LDH-1R catalyst. The morphology of PdMgAl-LDH-1R is almostt he same as the original PdMgAl-LDH-1c atalyst, as identified by using powderX RD ( Figure S7 ) and TEM (Figure 4d ) analyses. Moreover,I CP-MSd ata revealed that the PdMgAl-LDH-1R catalyst contained 0.44 %P d( w/w) and only 0.02 %P dw as lost in the reactivation procedure.
The catalytic performance of the PdMgAl-LDH-1R catalyst was evaluated in copper-free Sonogashira, Suzuki, and Heck reactions (Table 8 ) and is very similart ot he originalP dMgAl-LDH-1 catalyst in all cases. This confirmedt hat our reactivation methodf or PdMgAl-LDH catalysts is reliable and facile.
Conclusions
Twon ew heterogeneous catalysts,P dMgAl-LDH-1a nd PdMgAl-LDH-2, were prepared by ac o-precipitation method with the double-drop techniquea nd characterizedb yu sing powderX RD, TG-DTA, TEM, EDS, and XPS techniques. The catalysts can efficiently catalyze copper-free Sonogashira, Suzuki, and Heck reactions for diverse aryl iodides, bromides, and chlorides with K 2 CO 3 base in aqueous media. The Pd species within the PdMgAl-LDH layers are stable enough to be cycled in at least six consecutive runs with high catalytic performance.
Furthermore, these catalysts are easy to prepare andreactivate, and showedl ow loss of Pd species.
Experimental Section GeneralI nformation
All chemical reagents were purchased and used without further purification. H 2 Ow as boiled for 3h to remove oxygen. DMF was distilled under reduced pressure over CaH 2 .A ll reactions were carried out under an N 2 atmosphere by using standard Schlenk techniques. The powder XRD patterns were recorded by using aB ruker D8 Advance X-ray diffractometer.T he DTAa nalyses were recorded by using at hermogravimetric analysis instrument (SDTQ 600). The TEM images were obtained by using TEM apparatus (JEM-2100). FTIR spectra were recorded by using aB ruker Alpha FT-IR spectrophotometer.T he ICP-MS data were recorded by using an IRIS Advantage Radial instrument under standard conditions. 1 Ha nd 13 CNMR spectra were recorded by using aB RUKER ADVANCE 300 spectrometer.M ass spectrometric data were collected by using a maXis UHR-TOF mass spectrometer.M elting points were measured by using aY anaco MP-500 micro melting point apparatus and are uncorrected.
GeneralP rocedure for the Preparation of Catalysts
Solution A, which contained Mg, Al, and Pd nitrates in an appropriate ratio, and solution B, which contained proportional NaOH and Na 2 CO 3 bases, were made up. Solutions Aa nd Bwere then simultaneously added dropwise to stirred, deionized H 2 O( 9mL) at such a rate that the pH of the reaction mixture was maintained at 9.5. The mixing process was performed at RT.T he resulting slurry was aged for 13 ha t1 00 8C, then the precipitate was filtered, washed fully with deionized H 2 O, and dried for 24 ha t1 00 8Ct og ive the PdMgAl-LDH catalyst.
PdMgAl-LDH-1 (0.50 %P dw /w) Pd(NO 3 ) 2 ·2H 2 O( 0.027 g, 0.10 mmol), Mg(NO 3 ) 2 ·6H 2 O( 4.590 g, 17.90 mmol), and Al(NO 3 ) 3 ·9H 2 O( 2.251 g, 6.00 mmol) were dissolved in deionized H 2 O( 10 mL) to give solution A, to which 0.10 mol L À1 HNO 3 (1 mL) was added to avoid hydrolysis of palladium nitrate. NaOH (1.540 g, 38.50 mmol) and Na 2 CO 3 (1.272 g, 12.00 mmol) were dissolved in deionized H 2 O( 11 mL) to form mixed-base solution B. Then, following the general procedure, PdMgAl-LDH-1 was prepared as ag rey solid (yield:1 .954 g, 0.50 % Pd w/w).
PdMgAl-LDH-2 (2.58 %P dw /w)
Following the same procedure as for PdMgAl-LDH-1, Mg(NO 3 ) 2 ·6H 2 O( 4.487 g, 17.50 mmol) and Pd(NO 3 ) 2 ·2H 2 O( 0.133 g, 0.50 mmol) were used to give PdMgAl-LDH-2 as ad ark-grey solid (yield:2.012 g, 2.58 %Pdw /w).
General Procedure for the Reactivationo fP dMgAl-LDH
The deactivated catalyst was first washed twice with hot EtOH to remove organic contaminants, then dried and used in the reactivation procedure.
Deactivated PdMgAl-LDH-1 (2.000 g, 0.46 %P dw /w,a sc onfirmed by ICP) was treated with 20 %H NO 3 (11mL) and heated to give transparent solution A. NaOH (3.200 g, 80.00 mmol) and Na 2 CO 3 (1.272 g, 12.00 mmol) were dissolved in deionized H 2 O( 11 mL) to create mixed-base solution B. Then, following the general procedure for the preparation of the catalysts, PdMgAl-LDH-1R was obtained as agrey solid (yield:1.966 g, 0.44 %P dw/w).
General Procedure for Sonogashira Reactions
CTAB (0.10 mmol), sodium ascorbate (0.01 mmol or 0.05 mmol), and H 2 O( 3mL) were added to am ixture of aryl halide (1.00 mmol), terminal alkyne (1.10 mmol), K 2 CO 3 (2.00 mmol), and PdMgAl-LDH-1 (0.043 g, 0.20 mol %P d) or PdMgAl-LDH-2 (0.041 g, 1.00 mol %P d) in a2 5mLr ound-bottom flask The resulting mixture was stirred at 80 8Cu nder an N 2 atmosphere. After completion, the mixture was cooled to RT and diluted with ethyl acetate, then the slurry was ultrasonicated to remove the product from the catalyst surface. The catalyst was separated by centrifugation, and the centrifugate was washed with brine, dried over anhydrous MgSO 4 ,a nd the final products were purified by using flash column chromatography (hexane/ethyl acetate) to obtain the desired purity.
General Procedure for SuzukiReactions
Am ixture of aryl halide (1.00 mmol), arylboronic acid (1.10 mmol), K 2 CO 3 (2.00 mmol), PdMgAl-LDH-1 (0.043 g, 0.20 mol %P d) or PdMgAl-LDH-2 (0.041 g, 1.00 mol %P d), CTAB (0.10 mmol), sodium ascorbate (0.01 mmol or 0.05 mmol), and H 2 O( 3mL) was placed in a2 5mLr ound-bottom flask and stirred at 80 8Cu nder an N 2 atmosphere. After completion, the reaction mixture was cooled to RT and diluted with ethyl acetate, then the slurry was ultrasonicated to remove the product from the catalyst surface. The catalyst was separated by using centrifugation, and the centrifugate was washed with brine, dried over anhydrous Mg 2 SO 4 ,c oncentrated under reduced pressure, and purified by using flash column chromatography (hexane/ethyl acetate) to give the desired product.
GeneralP rocedure for Heck Reactions
Am ixture of aryl halide (1.00 mmol), acrylate or styrene (1.10 mmol), K 2 CO 3 (2.00 mmol), PdMgAl-LDH-1 (0.043 g, 0.20 mol %P d) or PdMgAl-LDH-2 (0.041 g, 1.00 mol %P d), CTAB (0.10 mmol), sodium ascorbate (0.01 mmol or 0.05 mmol) in DMF/ H 2 O( 3mL, 1:2) was placed in a2 5mLr ound-bottom flask and stirred at 100 8Cu nder an N 2 atmosphere. After completion, the reaction mixture was cooled to RT and diluted with ethyl acetate, then the slurry was ultrasonicated to remove the product from the catalyst surface. The catalyst was separated by centrifugation, and the centrifugate was washed with brine, dried over anhydrous MgSO 4 ,a nd the crude product was purified by using flash column chromatography (hexane/ethyl acetate) to obtain the desired purity.
Diphenylacetylene
White solid;e luent:e thyl acetate/hexane (1:20) , R f = 0.6;m . 2-Methyl-4-phenylbut-3-yn-2-ol 63, 128.22, 122.76, 93.82, 82.14, 65.60, 31.49 
1-n-Propyl-2-phenylacetylene
Yellow oil;e luent:e thyl acetate/hexane (1:20) , R f = 0.5; 1 HNMR (300 MHz, CDCl 3 ,T MS): ä = 7.42-7.39 (m, 2H;A r H), 7.32-7.28 (m, 3H;A r H), 2.40 (t, J = 6.90 Hz, 2H;-C H 2 ), 1.71-1.59 (m, 2H;-C H 2 ), 1.06 ppm (t, J = 7.35 Hz, 3H;-C H 3 ); 13 CNMR (75 MHz, CDCl 3 ,T MS): ä = 131. 53, 128.14, 127.42, 124.13, 90.21, 80.71, 22.21, 21.38, 13.50 ppm;I R( neat) 43, 128.30, 127.68, 123.98, 88.33, 85.76, 71.50, 70.09, 68.93, 65.44 02, 132.25, 131.84, 130.26, 129.26, 128.53, 123.61, 122.13, ChemistryOpen 2018, 7,803 -813 www.chemistryopen.org 197.24, 136.23, 131.7, 131.74, 128.80, 128.43, 128.26, 122.68, 92.70, 88.60, 26.57 
4-Phenylethynylaniline
Brown solid;e luent:e thyl acetate/hexane (1:3), R f = 0.5;m . 66, 132.96, 131.36, 128.25, 127.64, 123.96, 114.75, 112.69, 90.14, 87.34 41, 131.58, 131.53, 129.14, 128.34, 128.10, 123.53, 120.24, 89.60, 88.76, 21.53 
4-Methylphenyl-2-phenylacetylene
3-Methylphenyl-2-phenylacetylene
Colorless oil;e luent:e thyl acetate/hexane (1:20) , R f = 0.6; 1 HNMR (300 MHz, CDCl 3 ,T MS): ä = 7.58-7.51 (m, 3H;A r H), 7.41-7.36 (m, 3H;A r H), 7.26-7.16 (m, 3H;A r H), 2.54 ppm (s, 3H;-C H 3 ); 13 CNMR (75 MHz, CDCl 3 ,T MS): ä = 140. 22, 131.88, 131.55, 129.50, 128.39, 128.34, 128.20, 125.62, 123.61, 123.07, 93.39, 88.39, 20.78 12, 135.06, 132.34, 131.53, 129.39, 129.24, 128.36, 128.11, 123.70, 122.80, 92.98, 88.59, 20.78, 20.25 
4-(Phenylethynyl)pyridine
Pale yellow solid;e luent:e thyl acetate/hexane (1:3), R f = 0.6;m .p.: 93-95 8C; 1 HNMR (300 MHz, CDCl 3 ,T MS): ä = 8.62 (d, J = 6.00 Hz, 2H;P y H), 7.59-7.56 (m, 2H;P y H), 7.41-7.39 ppm (m, 5H;A r H); 13 CNMR (75 MHz, CDCl 3 ,T MS): ä = 149. 66, 131.90, 131.52, 129.24, 128.52, 125.81, 122.12, 94.04, 86.68 24, 138.43, 137.06, 129.54, 128.77, 127.23, 127.04, 21.16 
4-Methylbiphenyl
4-Nitrobiphenyl
Pale yellow solid;e luent:e thyl acetate/ hexane (1:15), R f = 0.5; m. 
